The Alzheimer's disease-related ␤-amyloid precursor protein (␤-APP) is metabolized to a number of potentially amyloidogenic peptides that are believed to be pathogenic. Application of relatively low concentrations of the soluble forms of these peptides has previously been shown to block high-frequency stimulation-induced long-term potentiation (LTP) of glutamatergic transmission in the hippocampus. The present experiments examined how these peptides affect low-frequency stimulationinduced long-term depression (LTD) and the reversal of LTP (depotentiation). We discovered that ␤-amyloid peptide (A␤1-42) and the A␤-containing C -terminus of ␤-APP (CT) facilitate the induction of LTD in the CA1 area of the intact rat hippocampus. The LTD was frequency-and NMDA receptor-dependent. Thus, although low-frequency stimulation alone was ineffective, after intracerebroventricular injection of A␤1-42, it induced an LTD that was blocked by D-(Ϫ)-2-amino-5-phosphonopentanoic acid. Furthermore, an NMDA receptor-dependent depotentiation was induced in a time-dependent manner, being evoked by injection of CT 10 min, but not 1 hr, after LTP induction. These use-and time-dependent effects of the amyloidogenic peptides on synaptic plasticity promote long-lasting reductions in synaptic strength and oppose activity-dependent strengthening of transmission in the hippocampus. This will result in a profound disruption of information processing dependent on hippocampal synaptic plasticity.
Synaptic pathology is considered a major and early contributor to the cognitive deficits and reduced cerebral activity of Alzheimer's disease (Terry et al., 1991; Mesulam, 1999) . The relationship between synaptic dysfunction and other hallmarks of the disease, including amyloid deposition, remains controversial (Arriagada et al., 1992; Cummings and Cotman, 1996; Mattson, 1997) . Recent modifications of the amyloid hypothesis suggest that rather than ␤-amyloid (A␤)-containing plaques being solely or primarily responsible, soluble, diffusable products (including monomeric and oligomeric forms) of the ␤-amyloid precursor protein (␤-APP) may play a critical role (Lambert et al., 1998; Hartley et al., 1999; Lue et al., 1999; McLean et al., 1999) . ␤-APP is believed to be metabolized to A␤ in two main stages (Selkoe, 1999; Sinha and Lieberburg, 1999; Selkoe and Wolfe, 2000) . First, the N terminus is removed by ␤-secretase to yield a membrane spanning 99 amino acid-long C-terminal (CT) fragment. Subsequently, this is cleaved intramembrane by ␥-secretase to yield A␤. Both CT and A␤1-42 are particularly amyloidogenic and highly neurotoxic (Suh, 1997; Selkoe, 1999; Lu et al., 2000) . Transgenic mice overexpressing wild-type and mutant ␤-APP show evidence of disruption of synaptic morphology, altered excitatory synaptic transmission or plasticity, and impairment of learning, often before amyloid plaque deposition (Nalbantoglu et al., 1997; Baekelandt et al., 1999; Chapman et al., 1999; Hsia et al., 1999; Larson et al., 1999; Moechars et al., 1999; Janus et al., 2000; Kumar-Singh et al., 2000; Mucke et al., 2000; Van Leuven, 2000) . This strongly supports the involvement of misprocessed ␤-APP in the early synaptic and behavioral changes of Alzheimer's disease.
The role of ␤-APP-related amyloidogenic peptides in mediating synaptic disruption has been examined by studying their direct effects on synaptic mechanisms, especially long-term potentiation (LTP). LTP is a neurophysiological model of activitydependent changes in synaptic strength that are believed to underlie information storage (Elgersma and Silva, 1999; Roman et al., 1999; Luscher et al., 2000; Martin et al., 2000) . Previously, application of relatively low concentrations of the soluble forms of potentially amyloidogenic ␤-APP fragments has been reported to affect LTP of glutamatergic transmission in the hippocampus both in vitro and in vivo (Wu et al., 1995b; Cullen et al., 1997; Lambert et al., 1998; Itoh et al., 1999; Chen et al., 2000) . In particular, acute injection of A␤1-42 and CT blocked LTP of AMPA receptor-mediated transmission in the intact hippocampus at a time when baseline transmission was not affected . The question arises as to whether and how these peptides affect long-term depression (LTD), the other main form of synaptic plasticity in the brain.
The present experiments show that low doses of A␤1-42 and CT can facilitate the induction of LTD in a frequency-dependent manner. The A␤-facilitated LTD was blocked by the NMDA receptor antagonist D-(Ϫ)-2-amino-5-phosphonopentanoic acid (D-AP5). Furthermore, LTP was reversed when CT was applied after the conditioning high-frequency stimulation within a defined time window and in a manner sensitive to D-AP5. These results emphasize the potential importance of an NMDA receptor-dependent promotion of LTD mechanisms in the actions of amyloidogenic ␤-APP fragments on synaptic plasticity and transmission.
MATERIALS AND METHODS
Animals and surger y. Male Wistar rats (200 -300 gm) were used in these experiments. During surgery, the rats were anesthetized with urethane (ethyl carbamate, 1.5 gm / kg, i.p.). The body temperature was maintained at 37.4 -38°C for the duration of the experiments.
Cannula implantation. A stainless-steel cannula (22 gauge, 0.7 mm outer diameter, 13 mm length) was implanted above the right lateral ventricle (1 mm lateral to the midline and 4 mm below the surface of the dura). Injection was made via an internal cannula (28 gauge, 0.36 mm outer diameter). The solutions were injected in a 5 l volume over a 3 min period. Verification of the placement of the cannula was performed postmortem by checking the spread of ink dye after intracerebroventricular injection.
Electrode implantation. Electrodes were made and implanted as described previously Xu et al., 1998) . Briefly, twistedwire bipolar electrodes were constructed from Teflon-coated tungsten wires (625 m inner core diameter, 750 m external diameter). Recordings of field EPSPs were made from the stratum radiatum in the CA1 area of the right hippocampal hemisphere in response to stimulation of the ipsilateral Schaffer collateral -commissural pathway. The electrode implantation sites were identified using stereotaxic coordinates, with the recording site located 3.4 mm posterior to bregma and 2.5 mm lateral to the midline, and stimulating electrodes 4.2 mm posterior to bregma and 3.8 mm lateral to midline. The correct placement of electrodes in the CA1 region was confirmed via electrophysiological criteria and postmortem analysis.
Electrophysiolog y. Test EPSPs were evoked at a frequency of 0.033 Hz and an intensity evoking a response that was 50% of maximum. LTP was induced using high-frequency stimulation (HFS) consisting of square pulses (0.2 msec duration) of 10 trains of 20 stimuli with an interstimulus interval of 5 msec (200 Hz) and an intertrain interval of 2 sec. The stimulation intensity was raised to give an EPSP of 75% maximum during HFS. L ow-frequency stimulation consisted of 1.3 Hz (1200 pulses), 3 Hz (900 pulses), or 10 Hz (270 pulses) using the test pulse intensity.
Compounds. A␤1-42 was purchased from Bachem (Essex, UK) and stored as a stock solution (0.1 mM) in pyrogen-free distilled water in the presence of N H 4 (final concentration, 0.00025%) at Ϫ20°C. Recombinant C T was produced as described previously (Chong et al., 1994) . Briefly, a single 105-residue C -terminal fragment of ␤-APP was synthesized by expression of cDNA in Escherichia coli and purified on an ion-exchange column (Q-Sepharose; ϳ90% purity confirmed by Coomaasie staining of SDS-PAGE gels). It was stored in pyrogen-free distilled water as a stock solution (0.1 mM) at Ϫ20°C until the time of the experiment. D-AP5 (Tocris Cookson, Bristol, UK) was stored as a stock solution (20 mM) at 4°C. The solutions were filtered through a Millipore millex GV4 0.22 m filter (Millipore, Bedford, M A) before being used for intracerebroventricular injections. Assuming a rat brain volume of ϳ2 ml, the initial concentration of peptide that reaches the CA1 synapses after the injection of 1-2 pmol should be in the low nanomolar range, which would rapidly transfer into different compartments, as found in Alzheimer's disease brain (L ue et al., 1999; McLean et al., 1999) .
Data anal ysis. All data points were normalized to the final baseline response (30 min). Values given in the text are the mean Ϯ SEM for 10 min epochs at the times indicated. Statistical comparisons were performed using two-tailed Wilcoxon signed-rank and rank sum tests. The probability level interpreted as significant was p Ͻ 0.05.
RESULTS

Enhancement of the ability of low-frequency stimulation to induce LTD
We examined the effect of A␤1-42 and CT on the induction of LTD using doses (1-2 pmol, i.c.v.) that were 25-100 times lower than those that affected baseline synaptic transmission (Cullen et al., 1996 . In addition, we used conditioning stimulation frequencies (1-10 Hz) that failed to induce LTD in the urethane anesthetized rat in vivo (Doyle et al., 1997; Xu et al., 1997) .
Both A␤1-42 and CT facilitated the induction of LTD in a frequency-dependent manner (Fig. 1) . In the case of A␤1-42, the enablement was observed at 3 Hz but not 10 Hz. The application of 3 Hz conditioning stimulation 10 min after the injection of 1 pmol A␤1-42 induced a persistent reduction in synaptic responses. Thus, the EPSP slope measured 70.6 Ϯ 6.3% baseline EPSP slope Ϯ SEM at 2 hr (n ϭ 6; p Ͻ 0.05; compared with 107.9 Ϯ 6.9% in vehicle-injected animals; n ϭ 7) (Fig. 1 A, C) . In contrast, 10 Hz conditioning stimulation applied 10 min after the injection of this dose of A␤1-42 failed to affect synaptic strength, the EPSP slope measuring 103 Ϯ 4.9% at 2 hr (n ϭ 5) (Fig. 1 D) , a value similar to controls (95.9 Ϯ 4.5%; p Ͼ 0.05; n ϭ 6) ( Fig. 1 B) .
The requirement for NMDA receptor activation in the induction of the LTD was assessed because this is necessary for the induction of LTD by low-frequency stimulation in the Schaffer collateral-commissural pathway Manahan-Vaughan, 1997 ) and because A␤ can selectively enhance NMDA receptor-mediated synaptic transmission (Wu et al., 1995a) . In animals injected with the antagonist D-AP5 (100 nmol, i.c.v.) 5 min before A␤1-42, subsequent 3 Hz conditioning stimulation did not induce LTD, the EPSP slope measuring 113 Ϯ 4.3% at 2 hr (n ϭ 5; p Ͻ 0.05 compared with A␤1-42-treated animals; p Ͼ 0.05 compared with baseline) (Fig. 1 E) .
In the presence of CT, LTD was induced by stimulation at 10 Hz but not 1.3 Hz. Thus, the application of 10 Hz conditioning stimulation 10 min after injection of a dose of 2 pmol CT induced a depression of the EPSP slope that persisted for the duration of the experiment (77.9 Ϯ 5.2% at 2 hr; n ϭ 10; p Ͻ 0.05 compared with vehicle-injected animals) (Fig. 1 F) . In contrast, 1.3 Hz conditioning stimulation after the administration of this dose of CT did not induce LTD (100.5 Ϯ 3.0%; n ϭ 7; p Ͼ 0.05; data not illustrated).
Time-dependent reversal of high-frequency stimulation-induced LTP
Because the induction of LTD and depotentiation share common properties, we examined the possibility that facilitation of depotentiation may have contributed to the previously observed block of LTP by amyloidogenic ␤-APP fragments .
We therefore compared the ability of CT to block LTP when injected before and after the high-frequency conditioning stimulation. Consistent with our previous study , 1 pmol CT, when injected 10 min before the HFS, blocked LTP completely (97.7 Ϯ 4.8% at 2 hr post-HFS; n ϭ 7; p Ͼ 0.05 compared with pre-HFS baseline; p Ͻ 0.05 compared with waterinjected animals; 140.6 Ϯ 10.4%; n ϭ 7) (Fig. 2 A, C) . Although the level of short-term potentiation appeared to be diminished, this was not statistically significant ( p Ͼ 0.05 compared with water-injected controls, measured 10 min post-HFS).
Remarkably, the injection of CT (1 pmol) 10 min after the HFS resulted in a block of LTP comparable with that caused by injection of the peptide 10 min pre-HFS. Thus, after the injection of CT, the synaptic responses gradually returned to baseline. The EPSP slope at 2 hr post-HFS measured 91 Ϯ 10.9% (n ϭ 6; p Ͼ 0.05 compared with pre-HFS baseline; p Ͻ 0.05 compared with vehicle-injected animals; 140.2 Ϯ 11.4%; n ϭ 7) (Fig. 2 B, D) .
We reasoned that if the mechanism for the CT-mediated re-versal of HFS-induced LTP was similar to the facilitation of low-frequency stimulation-induced LTD, it should depend on the activation of NMDA receptors. D-AP5 (100 nmol) was injected intracerebroventricularly 5 min post-HFS, and CT (1 pmol) was administered 5 min later. In these animals, stable LTP was induced (Fig. 3 ) (138.8 Ϯ 17.8% at 2 hr post-HFS; n ϭ 7; p Ͻ 0.05 compared with pre-HFS baseline; p Ͼ 0.05 compared with waterinjected animals; p Ͻ 0.05 compared with CT-injected animals). Thus, the reversal of LTP by CT was blocked by D-AP5, indicating that it is NMDA receptor-dependent. We then determined whether CT had similar effects when administered 1 hr before or after the HFS. In animals injected with CT 1 hr before the tetanus, LTP was blocked (Fig. 4 A) (113.7 Ϯ 5.7% at 2 hr; n ϭ 6; p Ͼ 0.05 compared with pre-HFS baseline; p Ͻ 0.05 compared with noninjected animals). A control set of experiments confirmed that this dose of CT (1 pmol) did not affect baseline transmission evoked at the test stimulation frequency of 0.033 Hz over a 3 hr recording period (Fig. 4 B) (96.7 Ϯ 4.1% at 3 hr; p Ͼ 0.05 compared with pre-injection baseline; n ϭ 6).
In contrast, when CT was administered 1 hr after the HFS, LTP remained stable (133.5 Ϯ 9.9 and 137.2 Ϯ 14.2% at 1 and 3 hr, respectively; n ϭ 6; p Ͻ 0.05) (Fig. 4C) . In control experiments, the HFS protocol used in these experiments was found to induce a robust LTP that persisted for at least 3 hr after tetanus in noninjected animals (Fig. 4 D) (136.8 Ϯ 5.8% pre-HFS baseline EPSP slope at 3 hr; n ϭ 6). DISCUSSION A␤1-42 and the C -terminus of ␤-APP were found to exert powerful activity-and time-dependent effects on synaptic plasticity. The activity-dependence of the action of these peptides was demonstrated especially when their effect on LTD induction was examined. Although low-frequency conditioning stimulation alone had no effect on transmission, it induced a gradually developing LTD in the presence of the peptides at certain stimulation frequencies but not others. The ability to induce LTD with previously ineffective conditioning stimulation indicates that activity patterns which normally fail to induce synaptic plasticity can trigger LTD in the presence of small amounts of these ␤-APP fragments.
The time-dependence of the action of the peptides was clearly evident in the experiments on the effect of CT on LTP, the block LTP being found to operate within a defined time window. Thus the potentiated synaptic responses returned to the original pre-HFS baseline level within 1 hr when CT was applied 10 min before or after, but not 1 hr after, the high-frequency conditioning stimulation. Administration of CT 1 hr before the HFS also blocked LTP, but synaptic responses returned to baseline levels more gradually. A similar depotentiation was caused when the A␤-containing solution was injected 10 min, but not 1 hr, after high-frequency stimulation (I. Klyubin, R. Anwyl, and M. J. Rowan, unpublished observations). The present findings indicate that persistent increases in synaptic strength have a greater vulnerability to interference if the peptide is active within a critical time period and places special focus on the importance of the interval shortly after induction.
The conditions governing the ability to induce LTD and reverse previously established LTP in the intact adult rat hippocampus have proved to be elusive (Stäubli and Lynch, 1990; Errington et al., 1995; Doyère et al., 1996; Doyle et al., 1996 Doyle et al., , 1997 Heynen et al., 1996; Manahan-Vaughan, 1997; Xu et al., 1997) . Similar low-frequency stimulation protocols that can initiate LTD in vitro have been found to trigger depotentiation and, under some conditions, are effective in vivo. The selectivity for certain frequencies of conditioning to preferentially initiate LTD and depotentiation is thought to be related to a requirement for a critical NMDA receptor-mediated rise in intracellular Ca 2ϩ over sufficient time to activate key protein phosphatases . Once LTP has been induced, it has been reported to become gradually resistant to reversal (Xu et al., 1998; Stäubli and Scafidi, 1999) . Intriguingly, agents that affect cell-cell adhesion were reported to lead to depotentiation within a defined time window that is similar to that found in the present studies (Stäubli et al., 1998) . Similarly, protein synthesis inhibitors can prevent the development of a later phase of LTP if administered soon after the tetanus (Otani et al., 1989; Huang et al., 1996) . However, unlike the ␤-APP fragments in the present study, neither of these interventions has been reported to promote LTD.
What mechanisms mediate the facilitation of LTD and LTP reversal by these peptides? The block of LTP persistence was clearly not caused by a change in the response during the highfrequency conditioning stimulation because injection of the peptide 10 min before and after the HFS had similar effects. Moreover, the LTP reversal did not occur simply because the synaptic responses were larger after LTP induction, because the peptide was ineffective when administered 1 hr after the HFS, a time when there was still marked potentiation. The discovery that the blocking of NMDA receptors by D-AP5 completely prevented the peptide-facilitated LTD and LTP reversal points to the importance of NMDA receptor-dependent processes. Because lowfrequency stimulation-induced LTD (Manahan-Vaughan, 1997) and depotentiation (Doyle et al., 1996) in this pathway have been reported to be NMDA receptor-dependent, there are two main probable mechanisms for the requirement for NMDA receptor activation. First, the peptides may have directly facilitated NMDA receptor-mediated transmission sufficiently to trigger LTD or LTP reversal. Indeed the amyloidogenic ␤-APP fragment A␤1-40 can selectively enhance NMDA receptor-mediated synaptic currents measured in the hippocampus with voltage clamp (Wu et al., 1995a) . In contrast, another amyloidogenic peptide, A␤25-35, was reported not to affect NMDA receptor-mediated transmission, but this was based on measurement of epileptic activity in low Mg 2ϩ (Ye and Qiao, 1999) . Second, intracellular signaling mechanisms promoting or required for LTD induction may have been affected. For example, a critical rise in postsynaptic Ca 2ϩ is required for LTD induction . All of the amyloidogenic ␤-APP fragments have been reported to enhance Ca 2ϩ entry or destabilize intracellular Ca 2ϩ storage (Fraser et al., 1997; Mattson, 1997; Suh, 1997; Kim et al., 2000) . Such an action would be expected to facilitate LTD induction. The difference in the frequency at which A␤1-42 and CT facilitated LTD induction may be the result of a differential ability to affect intracellular Ca 2ϩ at the doses tested. High concentrations of A␤1-42 and CT can directly cause a long-lasting depression of baseline synaptic transmission in the hippocampus and cerebellum, although the use-dependence of this depression has not been investigated Hartell and Suh, 2000) . In the case of CT, but not A␤1-42, the depression was blocked by a nitric oxide synthase inhibitor and was associated with an increase in intracellular Ca 2ϩ levels in cerebellar Purkinje cells (Hartell and Suh, 2000) . This was proposed to be caused by the formation or opening of relatively nonselective cation channels in the plasma membrane.
Although A␤1-42 is found extracellularly in Alzheimer's disease brain, there is growing evidence for the importance of intracellular accumulation (Gouras et al., 2000) . We have previously reported (Wu et al., 1995a ) that intracellular application of A␤1-40 had the same ability to enhance NMDA receptormediated synaptic transmission as when applied exogenously. Similarly, CT can elicit strong inward currents when injected inside as well as outside cells (Fraser et al., 1997; Suh, 1997) . It seems reasonable therefore to expect that actions similar to those reported here may apply to the effects of raised levels of intracellular ␤-APP metabolites on synaptic plasticity. It will be important to examine the effects on synaptic plasticity of potential new therapeutic agents for Alzheimer's disease that inhibit ␥-secretase activity because a significant elevation of intracellular C-terminal fragments should accompany the reduction in A␤ production.
The observed frequency-and time-dependent ability of low concentrations of potentially amyloidogenic peptide fragments of ␤-APP to promote persistent reductions and prevent persistent enhancements of synaptic transmission should result in a gradual, activity-dependent, long-lasting decline in baseline transmission. We have previously reported (Cullen et al., 1996) a delayed (Ͼ5 hr) decline in synaptic transmission lasting at least 48 hr after a single intracerebroventricular injection of a low dose of A␤1-40. Consistent with the present study, the delayed depression was also NMDA receptor-dependent. Such activity-dependent reductions in synaptic transmission are putative substrates for the reductions in cerebral activity of patients with preclinical Alzheimer's disease (Rapoport, 2000) .
In conclusion, if, as is generally believed (Elgersma and Silva, 1999; Roman et al., 1999; Martin et al., 2000) , synaptic plasticity is engaged during learning and memory, the profound alterations seen here with very low levels of ␤-APP fragments will have a significant impact on disease symptoms. Moreover, if activitydependent changes in synaptic strength underlie synaptic remodeling in neurodegeneration (Neill, 1995;  McEachern and Shaw, A, When CT (1 pmol) was injected 1 hr before the application of HFS (white arrow), LTP was blocked. B, CT had no effect on baseline synaptic transmission over this time period in a nontetanized pathway. C, In contrast, LTP was not affected when CT was injected 1 hr after the HFS. D, This HFS protocol induced stable LTP that lasted at least 3 hr in noninjected animals. Insets show typical recordings at the beginning and end of the experiments. Values are the mean Ϯ SEM EPSP slope; n ϭ 6 per group. The time of intracerebroventricular injection is indicated by black arrowheads.
